Over the past few years there has been an increasing interest in using the radiation force of ultrasound for evaluating, characterizing and imaging biological tissues. Of particular interest are those methods that measure the dynamic properties of tissue at low frequencies. In this paper we present dynamic radiation force methods for probing tissue as a new field, discuss the interrelationship of several methods within this field and compare their features. The techniques in this field can be categorized into three groups: transient methods, shear-wave measurement methods and a recently developed method called vibro-acoustography. The last method is the focus of this paper. After briefly describing the key concepts of the first two methods, we will present a detailed description of vibro-acoustography. Finally, we will compare the capabilities and limitations of these methods.
Introduction
It is well known that changes in the elasticity of soft tissues are often related to pathology. Traditionally, physicians use palpation as a simple method for estimating the mechanical properties of tissue. In this method, a static force is applied and a crude estimation of tissue elasticity is obtained through the sense of touch. In palpation, the force is applied on the body surface and the result is a collective response of all the tissues below. Clinicians can sense abnormalities if the response to palpation of the suspicious tissue is sufficiently different from that of normal tissue. However, if the abnormality lies deep in the body, or if is too small to be resolved by touch, then the palpation method fails. The dynamic response of soft tissue to a force is also valuable in medical diagnosis. For instance, rebound of tissue upon sudden release of pressure exerted by the physician's finger on the skin provides useful diagnostic information about the issue.
Quantitative measurement of the mechanical properties of tissues and their display in a raster format is the aim of a class of techniques generally called elasticity imaging, or elastography. The general approach is to measure tissue motion caused by an external (or, in some methods, internal) force or displacement and use it to reconstruct the elastic parameters of the tissue. The excitation stress can be either static or dynamic (vibration). Dynamic excitation is of particular interest because it provides more comprehensive information about tissue properties in a spectrum of frequencies; alternatively, the transient behaviour of the tissue could be deduced from the measurements. In most elasticity imaging methods, ultrasound is used to detect the motion or displacement resulting from the applied stress. Magnetic resonance elastography is a recently developed method (Muthupillai et al 1995) that employs a mechanical actuator to vibrate the body surface and then measures the strain waves with a phase sensitive magnetic resonance imaging (MRI) machine.
The majority of elasticity imaging methods are based on an external source of force. In these methods the object is pressed by a known amount of force or displacement, and the resulting internal deformations are measured by means of pulse-echo ultrasound. The elasticity of the region of interest is then calculated based on the resulting deformation in relation to the magnitude of the applied force (or displacement). Normally, the region of interest rests deep in the body and away from the source of the force. The force that is actually exerted on the region of interest depends on the elastic properties of the tissues located between the source and the region of interest. Hence, the deformation, and the estimated elasticity of the region of interest, are subject to variables of the intervening tissues.
An alternative strategy is to apply a localized stress directly in the region of interest. One way to accomplish this is to use the radiation pressure of ultrasound. Acoustic radiation force is the time average force exerted by an acoustic field on an object. This force is produced by a change in the energy density of an incident acoustic field (Chu and Apfel 1982) , for example, due to absorption or reflection. The use of ultrasound radiation force for evaluating tissue properties has several benefits, for example:
(a) Acoustic (ultrasound) energy is a non-invasive means of exerting force. (b) Existing ultrasound technology and devices can be readily modified for this purpose, thus eliminating the need for developing a new technology. (c) Radiation force can be generated remotely inside tissue without disturbing its superficial layers. (d) The radiation stress field can be highly localized, thus allowing for precise positioning of the excitation point. (e) Radiation force can be produced in a wide range of frequencies or temporal shapes.
These features make radiation force methods more attractive than other, mostly mechanical, excitation methods used in elasticity imaging.
Tissue probing with the radiation force of ultrasound can be accomplished by a variety of techniques, depending on the excitation and detection methods used. As in elasticity imaging methods with mechanical excitation, the radiation force methods can use either a static or dynamic stress.
It is the opinion of the authors that using a dynamic radiation force to remotely probe tissue has certain unique characteristics and capabilities that can open a new chapter in the field of tissue characterization and imaging. We believe that the techniques based on this phenomenon have the potential to provide new information about tissue that has never been available from other methods. We also believe that it is important to recognize and treat this set of techniques as a new field. In particular, it is insightful to set this new field apart from conventional ultrasound tissue characterization/imaging. A major difference being the fact that using the dynamic radiation stress allows one to analyse the object based on its structural vibration properties as opposed to its ultrasonic parameters.
Our intention in writing this paper is to present the dynamic radiation force methods for probing tissue as a new field by discussing the inter-relationship of several methods within this field and comparing their features. To the best of our knowledge, such a discussion has not been presented in the literature before.
The dynamic radiation force methods may be categorized as:
(a) Transient methods, where an impulsive radiation force is used and the transient response of the tissue is detected by Doppler ultrasound (Sugimoto et al 1990) .
(b) Shear-wave methods, where an impulsive or oscillating radiation is applied to the tissue and the resulting shear wave is detected by ultrasound or other methods (Andreev et al 1997 , Sarvazyan et al 1998 , Walker 1999 .
(c) Vibro-acoustography, a method recently developed by the authors, where a localized oscillating radiation force is applied to the tissue and the acoustic response of the tissue is detected by a hydrophone or microphone (Fatemi and Greenleaf 1998, 1999a) .
In this paper we systematically discuss the features and capabilities that are offered by the dynamic radiation force techniques. We describe the general approach used in the transient, shear-wave and vibro-acoustography methods. We pay particular attention to the last method, present its theory and discuss its features. Then, we compare the capabilities and limitation of all three methods and discuss their possible applications.
Radiation force methods
The acoustic radiation force is a time average force exerted by an acoustic field on an object. This force is an example of a universal phenomenon in any wave motion that introduces some type of unidirectional force on absorbing or reflecting targets in the wave path. For a review of this topic the reader may refer to Chu and Apfel (1982) .
Consider a plane ultrasound beam interacting with a planar object of zero thickness and arbitrary shape and boundary impedance that scatters and absorbs. The radiation force vector, F , arising from this interaction has a component in the beam direction and another transverse to it. The magnitude of this force, is proportional to the average energy density of the incident wave E at the object, where represents the time average, and S the area of the projected portion of the object (Westervelt 1951) :
Here d r is the vector drag coefficient with a component in the incident beam direction and another transverse to it. The coefficient d r is defined per unit incident energy density and unit projected area. For a planar object, the magnitude of d r is numerically equal to the force on the unit area of the object per unit energy density. Physically, the drag coefficient represents the scattering and absorbing properties of the object, and is given by (Westervelt 1951) 
wherep andq are the unit vectors in the beam direction and normal to it respectively. The quantities a and s are the total absorbed and scattered powers respectively, and γ is the scattered intensity, all expressed per unit incident intensity. Also, α s is the angle between the incident and the scattered intensity and dS is the scalar area element. The drag coefficient can also be interpreted as the ratio of the radiation force magnitude on a given object to the corresponding value if the object were replaced by a totally absorbing object of similar size. For simplicity, we assume a planar objected oriented perpendicular to the beam axis. In this case, the transverse component vanishes, thus the drag coefficient (force) will have only a component normal to the target surface which we denote by scalar d r (F ) .
To produce a time-varying radiation force, the intensity of the incident beam can be shaped in various ways. For example, a short ultrasound pulse can produce a transient pulsed radiation force, and a sinusoidally modulated beam can result in a sinusoidally varying force.
Transient methods
In the transient methods the radiation force of ultrasound is used to make a minute deformation in the tissue. The transient recoil of the tissue resulting from this deformation is measured and used for the evaluation of tissue elastic properties.
A method for measuring tissue hardness, presented by Sugimoto et al (1990) , uses the radiation force of a single focused ultrasound beam. Ideally, hardness may be represented by the spring constant of the object, which is the ratio of the applied force to the displacement. This method relies on evaluating the hardness based on changes in relative values. In this method an ultrasound pulse is used to generate a short-duration radiation force which produces localized deformation of the tissue. Immediately after the force pulse, the resulting transient deformation of tissue is measured as a function of time with Doppler ultrasound using a separate transducer. The deformation includes an initial rapid squeeze of the tissue, followed by a relaxation and possibly a rebound. This displacement is a function of tissue viscoelastic parameters, as well as the applied force. Sugimoto et al (1990) argue that because measuring the internal radiation force in an absolute sense in vivo is difficult, it is advantageous to derive a quantity that is representative of relative tissue hardness. To derive a single relative quantity from the deformation data, the relaxation part of the function is approximated by a sum of several exponential curves, and the sum of the first-order derivatives of such an exponential is calculated. It is shown that this quantity is correlated with the spring constant of the tissue and thus may be used as a measure of tissue hardness.
Shear-wave methods
Shear modulus is related to the hardness or elasticity of the material. It is known that the shear modulus of various soft tissues ranges over several orders of magnitude, while bulk modulus, a parameter that is associated with the conventional pulse-echo ultrasound compressional wave speed, varies significantly less than an order of magnitude (Goss et al 1978, Frizzell and Carstensen 1976) . These features indicate that shear modulus may be a better parameter for tissue characterization than bulk modulus. One way to induce localized shear waves inside tissue is to use the radiation force of focused ultrasound (Andreev et al 1997) . In a method called shear-wave elasticity imaging (SEWI) (Sarvazyan et al 1998) , an amplitude-modulated single-focused ultrasound beam is used to induce a localized radiation stress inside the soft tissue. Localization of the stress field is the key to success of the method. To achieve a high degree of localization, the method used a focused ultrasound beam. It is shown that the radiation stress exerted within a dissipative medium peaks near the focal region of a highly focused transducer. It has also been suggested that localization can be improved by designing the transducer and selecting the beam parameters such that a nonlinear shock wave is produced in the focal region, increasing the magnitude of the stress field in the vicinity of the focal region, thus augmenting localization of the stress field (Sarvazyan et al 1998) .
Modulation of the ultrasound beam can be in the form of an oscillating wave or short pulse. The resulting radiation force elicits a shear wave propagating in the radial direction with respect to the beam axis, with particle motion parallel to the beam axis. Shear waves in soft tissue travel at a very low speed, typically around a few metres per second (Frizzell and Carstensen 1976, Sarvazyan et al 1998) , thus the corresponding wavelength is much shorter than that of compressional waves for the same frequency. Shear waves are also highly attenuated in soft tissue, with an attenuation coefficient two or three orders of magnitude higher than that of compressional waves (Frizzell and Carstensen 1976, Sarvazyan et al 1998) . Because of the high attenuation of shear waves, it is possible to induce them in a very limited region in the vicinity of the focal point of the ultrasound beam, hence avoiding the influence of tissue boundaries. In SWEI, a short ultrasound pulse is delivered to the tissue, causing a radial shear oscillation around the beam axis. By measuring the amplitude and the temporal characteristics of this wave, shear parameters of the tissue, such as shear modulus and shear viscosity, can be calculated. For example, the time required for the wave front to propagate from one point to another can be used to calculate the shear-wave speed, and consequently the shear-wave modulus µ, as
where ρ and c t are the density and the shear-wave velocity respectively.
Shear waves may be detected optically. In this method a laser source and a photodetector are used to detect the displacement of particles due to the shear wave in a transparent phantom (Sarvazyan et al 1998) . Because this method requires a transparent medium, its application in vivo is difficult. Phase-sensitive magnetic resonance imaging (Muthupillai et al 1995 , Sarvazyan et al 1998 is an alternative method that can be used to measure the two-dimensional distribution of particle displacement in a given direction versus time in a material. In an experiment presented by Sarvazyan et al (1998) , an ultrasound pulse of 3.6 ms duration produced by a 70 mm diameter transducer focused at 100 mm was transmitted within a cylindrical rubber phantom. The displacement was measured by 2.0 T MRI system at two different times after the acoustic pulse was applied. The position of the peak displacement at these time points was used to estimate the shear velocity, which was shown to be consistent with the independently measured value. Shear waves can also be detected by Doppler ultrasound (Andreev et al 1997) . It has been shown (Walker 1999 ) that to achieve the appreciable displacement needed for Doppler detection, most soft tissues require high ultrasound intensities which might be beyond the recommended maximum intensity level for diagnostic ultrasound (FDA 1997).
Vibro-acoustography
2.3.1. Method. This technique produces a map of the mechanical response of an object to a dynamic force applied at each point. The method utilizes ultrasound radiation force to remotely exert a localized oscillating stress field at a desired frequency within (or on the surface of) an object and records the resultant acoustic response (Fatemi and Greenleaf 1998, 1999a ). This acoustic response, which is normally in the low kHz range, is a function of the viscoelastic properties of the object and can be used to produce an image of the object.
To produce an oscillating radiation force the intensity of the incident ultrasound must be amplitude modulated at the desired low frequency. Using a single amplitude modulated beam seems to be the simplest means to achieve this. However, such a beam will exert a radiation force on any object that is present along the beam path, producing undesirable acoustic emission. To confine the oscillating radiation stress to the desired region, vibroacoustography uses two unmodulated CW beams at slightly different frequencies, propagating along separate paths. The beams are arranged to cross each other at their respective foci, and thus produce a modulated field at a confined, small cross-sectional region. The single-and double-beam arrangements are illustrated in figure 1. Figure 2 illustrates a vibro-acoustography system. The elements of the annular array transducer are driven by two CW signals at frequencies f 1 = ω 1 /2π and f 1 + f = (ω 1 + ω)/2π . The object to be imaged is placed at the joint focal plane of the transducer elements (the scanning plane). The ultrasound field Figure 1 . Generation of a modulated ultrasound field by single and confocal beams. The single beam produces a field that is modulated throughout the beam path. This field can produce an oscillating radiation force on any object in the beam path. The confocal annular array transducer generates two CW beams propagating separate paths. These beams interfere near the focal zone, producing a modulated field only in that region. Hence, the oscillating radiation force can only be generated on objects in the beam-crossing region.
System diagram and image formation.
Figure 2. Vibro-acoustography system. The two elements of the confocal annular array are excited by separate CW signals at two different frequencies. The object is placed at the focal plane of the transducer. The ultrasound field produces a radiation force at the difference frequency f on the object. This force vibrates the object, which in turn produces a sound field in the medium. This sound field is received by an audio hydrophone placed near the object. To form an image, the beams are scanned in a raster motion across the scanning place, and the resulting acoustic emission is recorded from each point. The brightness of each corresponding point on the image plane is determined by the amplitude (or phase) of the recorded acoustic emission.
produces a localized radiation stress field at the focal point on the object at frequency f . Depending on the elastic properties of the object, the radiation force may cause a portion of the object, or the entire object, to vibrate at this frequency. The acoustic emission resulting from object vibration is received by a hydrophone which is located nearby. Normally the wavelength of vibration is large compared with the object size, hence the acoustic emission field is almost omnidirectional. Therefore, hydrophone position is not a critical parameter in this measurement. The filter is used to eliminate noise and other interfering signals. To form an image, the focal point of the transducer is moved across the scanning plane on the object in a raster pattern. The acoustic emission is received at each position, and an image is formed by displaying the amplitude (or phase) of such signals at corresponding positions on the image plane. The spatial resolution of this imaging method is determined by the ultrasound beamwidth at the focal plane, which is normally of the order of the incident ultrasound wavelength.
Theory.
In the beam-forming method to be described the amplitude modulated field is obtained by the interference of two unmodulated ultrasound beams. Radially symmetric interfering beams are obtained when two coaxial, confocal transducers are used (Fatemi and Greenleaf 1999a) . For this purpose, elements of a two-element spherically focused annular array (consisting of a central disc with radius a 1 and an outer ring with the inner radius of a 2 and outer radius of a 2 are excited by separate CW signals at frequencies ω 1 = ω 0 − ω/2 and ω 2 = ω 0 + ω/2. We assume that the beams are propagating in the +z direction with the joint focal point at z = 0. The resultant field on the z = 0 plane may be written as
where r = x 2 + y 2 is the radial distance. The amplitude functions are (Morse and Ingard 1968, Kino 1987 )
and
where U 0i is the velocity amplitude at the ith transducer element surface, and λ i = 2π/ω i for i = 1, 2 are the ultrasound wavelengths. The phase functions
for i = 1, 2, are conveniently set to be zero at the origin. Also, jinc(X) = J 1 (2π X)/π X, where J 1 (.) is the first-order Bessel function of the first kind. The instantaneous energy is E = p 2 (t)/ρc 2 . Replacing p(t) from equation (4), this energy will have a time-independent component, a component at the difference frequency ω = ω 2 − ω 1 which result from the cross product of the two pressure fields, and highfrequency components at ω 1 and ω 2 and their harmonics. The energy component at the difference frequency is
where ψ(r 0 ) = ψ 2 (r 0 ) − ψ 1 (r 0 ). Now, we define a unit point target with an area of dx dy at position (x 0 , y 0 ) on the focal plane, and with a drag coefficient d r (x 0 , y 0 ) such that: d r (x 0 , y 0 )dx dy = 1 on the target and zero elsewhere. This equation is merely used as a mathematical model. In this case, the projected area can be considered to be S = dx dy. Therefore, if the projected area is unity, then d r (x, y) = 1, which according to equation (2) corresponds to a totally absorptive object.
Referring to equation (1), and replacing d r S with unity and E by e ω (t) of equation (8), then we can write the low-frequency component of the radiation force on the unit point target as
where arguments x 0 and y 0 are added to denote the position of the point target, and r 0 = x 2 0 + y 2 0 . Referring to equations (5) and (6), the complex amplitude of the stress field can be found as:
where λ = 2π c/ ω is the wavelength associated with ω. The above equation indicates that the radiation stress is concentrated at the focal point and decays down quickly with distance as jinc(.) 2 . As an example, we consider a confocal transducer with dimensions a 1 = 14.8 mm, a 2 = 16.8 mm, a 2 = 22.5 mm, and focal length 70 mm. Also, we assume that the centre frequency is 3 MHz, and the difference frequency is 7.3 kHz. The radiation stress at the focal plane of this transducer is plotted in figure 3 .
In medical applications the maximum ultrasonic intensity is regulated for safety reasons. It is useful, therefore, to write the stress field in terms of the peak ultrasonic intensity at the focal point. The long-term average of ultrasonic intensity at the focal point can be written as
where P 1 (0) and P 2 (0) can be found from equations (5) and (6) as
Assuming U 01 = U 02 = U 0 , we can write the focal plane stress field in terms of I (0):
The first fraction in the above equation represents the static radiation force produced by the two beams on a total absorber, the second fraction is a constant factor, and the rest represents the spatial distribution of the stress field on the focal plant. If ω ω 2 , then we may replace λ 1 and λ 2 by λ 0 , and simplify the expression for the stress field. Under these conditions, the stress at the focal point is
The fraction on the right represents the effect of transducer dimension on the stress field. For the transducer used in the previous example, the value of this fraction is 0.4999. (This fraction can be also calculated for a signal-element transducer of the same diameter, excited by an amplitude modulated signal. For this purpose, we may let a 1 = a 2 and a 2 2 = 0. For these values, the last fraction in equation (14) is 0.5.) The resulting radiation stress (assuming c = 1500 m s −1 for water) is F ω (0, 0) = 6.67 × 10 −4 I (0) N m −2 . If we let I (0) = 7200 W m −2 , which is the maximum spatial peak, time average intensity suggested by the FDA for in vivo applications, (FDA 1997) , the resulting stress at the focal point is F ω (0, 0) = 4.80 N m −2 . Referring to figure 3, we note that this stress field is applied only in a small region around the focal point to the object.
Acoustic emission.
To explain the acoustic emission we consider an 'object' within a homogeneous infinite medium. This model allows us to separate the roles played by the parameters of the object and the surrounding medium, and can be fitted to various applications. When an oscillating stress field is applied to the object, the object vibrates at the frequency of the stress field. Vibrational energy of the object is partly transferred to the surrounding medium, which is called the acoustic emission field. Here, we calculate the acoustic emission of an object resulting from applying the radiation stress. To explain the physics in more generalized terms, for the moment we consider an object in the form of a flat disc facing the beam. Here, we assume that the vibrating object has a circular cross section of radius b and uniformly vibrates back and forth like a piston. This choice allows us to illustrate the concept in a simple form. We also consider an area S πb 2 of the piston surface to be projected normally by the beam. We can always return to our elementary point object by reducing the area of this disc to dx dy. Similar solutions can be carried out for objects of other forms. The theory can be also extended to include arbitrary vibrating-part shapes and non-uniform displacement of the object. The total radiation force on this object F ω , can be found by integrating the radiation stress over the area of the object. This force vibrates the target object at frequency ω. The steady-state normal velocity amplitude of a piston at frequency ω, U ω , due to a harmonic force F ω , can be written as:
where Z ω is the mechanical impedance of the object at ω. The mechanical impedance of the object has two components, one resulting from the inertia, friction and elasticity of the object itself, and the other resulting from the loading effect of the surrounding medium on the vibrating object. The mechanical impedance can be interpreted as a measure of object rigidity and how much it yields to the applied force. For example, for a rigid object , Z ω is high, and hence the object resist the force.
Knowing U ω , we can calculate the pressure field it produces in the medium. We assume that the acoustic emission signal propagates in a free and homogeneous medium. The farfield acoustic pressure due to a piston source of radius b set in a planar boundary of infinite extent is given by (Morse and Ingard 1968) P ω = −j ωρ exp(j ωl/c) 4πl
where l is the distance from the observation point to the centre of the piston, ϑ is the angle between this line and the piston axis and β B is the specific acoustic admittance of the boundary surface. (The specific acoustic admittance is β B = ρc/z B , where Z B , the acoustic impedance of the boundary, represents the ratio between the pressure and normal fluid velocity at a point of the object.) The factor of two in the parentheses comes from the presence of the boundary wall. It would be replaced by unity if the boundary wall were not present (Morse and Ingard 1968) . The acoustic emission field resulting from object vibration can be written in terms of object mechanical impedance by combining equations (15) and (16) as
For wavelengths which are long compared with the object size, i.e. when b ω/c → 0, the term in the large round brackets approaches a constant because 2J (X)/X → 1 for X → 0. Hence, ignoring the first fraction in the large parentheses, we may consider the contents of the large square brackets to be an object-independent function (the specific acoustic admittance β B relates to the surrounding boundary surface). Under these conditions, the large square brackets in the above equation represents the effect of the medium on the acoustic emission field, which we may call the medium transfer function, and denote it by
The last fraction in equation (17) includes 1/Z ω , which is the mechanical admittance of the object at the frequency of the acoustic emission ( ω), and we denote this by Y ω . It is convenient to combine this term with the next term (2πb 2 ) in equation (17), as Q ω = 2πb 2 Y ω = 2πb 2 /Z ω , which is the total acoustic outflow by the object per unit force (acoustic outflow is the volume of the medium, e.g. the fluid, in front of the object surface that is displaced per unit time due to object motion). Function Q ω represents the object characteristics at the acoustic frequency. We may thus rewrite equation (17) in a more compact form as
Equation (19) indicates that the acoustic emission pressure is proportional to:
(a) The radiation force, which itself is proportional to the square of ultrasound pressure and the ultrasound characteristics of the object, d r , and the projected area S. Note the difference between the projection area S and the vibrating area πb 2 . The projection area determines the extent of the force applied to the object (equation (1)). The vibrating area, however, influences the total acoustic outflow in the medium caused by object vibration.
Measuring the acoustic emission.
A hydrophone is used to measured the acoustic emission field. Equation (18) indicates that for wavelengths which are long compared with the object size, the acoustic emission field pattern resembles that of a dipole with an angle dependency represented by the last fraction to the right of this equation. This angle dependency is normally weak, and hence the position of the receiving hydrophone is not critical. Also, because the attenuation of low-frequency acoustic waves in tissue and liquids is normally low, one may place the hydrophone at a distance from the object without losing too much intensity. The simplified diagram presented in figure 2 describes how to measure the amplitude of the acoustic emission field. To measure the phase of the acoustic emission, a phase reference needs to be set. One way to accomplish this is to generate a reference signal by electronic downmixing of the two CW excitation signals to produce a beat signal at the difference frequency f . Then, using this reference signal, the phase of the acoustic emission signal (hydrophone output) can be calculated by conventional phase detection methods.
2.3.6. Applications. Evaluation of the characteristics of an object (or a medium) by listening to its sound is a traditional approach that has been used for many purposes. Qualitative evaluation of a crystal glass by tapping on it is a simple example. Vibro-acoustography implements the same approach but on a micro-scale, and in a way that could be applied to tissues.
Equation (19) represents a general relationship between the mechanical parameters of the object, surrounding medium, and the acoustic emission field resulting from object vibration. By measuring the acoustic emission field, it would be possible, in principle, to estimate some of the object or medium parameters, either in an absolute or in a relative sense. For example, one can use vibro-acoustography to measure the resonance frequency of an object, and from that information it is possible to estimate some viscoelastic parameters of the object or the medium. This method has been used to measure the Young's modulus of a metallic rod (Fatemi and Greenleaf 1999b) . In another experiment, by measuring the resonance frequency of a known resonator in a liquid medium, the viscosity of the fluid has been estimated with good accuracy (Fatemi and Greenleaf 1999c) . These applications are not necessarily medical, but the principle could be used for evaluation of soft tissues, blood, bone, etc.
In medical applications, one can use vibro-acoustography to obtain an image of the object for diagnostic purposes. In such applications, the image may not represent a physical quantity, rather it provides a means to visualize object details.
Experimental results.
In the following experiment vibro-acoustography has been used to image excised human carotid arteries that include calcifications. Characteristics of the ultrasound transducer used here are those described in the example presented in section 2.3.3. The object consists of two excised human carotid arteries secured on a thin sheet of latex. This sheet is almost transparent to the ultrasound and x-ray. Figure 4(a) shows an x-ray image of these arteries. The left artery is from a young person and shows no calcification. The right artery is from an older person and includes some calcium deposit which can be seen as a bright region near the bifurcation. The arteries were immersed in a water tank for scanning. The difference frequency f in this experiment is 7 kHz. The lead number '2' was placed on the latex sheet for identification purposes. Figure 4(b) shows the vibro-acoustography image (displaying the amplitude of the acoustic emission signal) of the object. In this image, the calcified region is seen as a bright region, resembling its x-ray image. Calcification, which is formed from stiff (compared with the arterial wall) material, is an efficient acoustic radiator, producing strong acoustic emission when exposed to the radiation force of the incident ultrasound. Hence, it stands out in the vibro-acoustography image. This image has a high spatial resolution (about 0.7 mm), low speckle and high signal-to-noise ratio. The number '2', which is also made from a hard material, is seen with high contrast. This experiment demonstrates the utility of the method in delineating stiff material against a soft background.
Comparisons of the methods
In this paper we have presented three approaches for using a localized ultrasound radiation force to probe biological materials. Here we compare the features and capabilities of the methods.
Objectives
The transient method estimates a quantity that correlates to the hardness of tissue. While it does not estimate a specific physical parameter, the estimated parameter is quantitative and may be useful for diagnosis.
Shear-wave methods aim specifically at the shear-wave characteristics in soft tissue, in particular, estimating the shear-wave velocity. Shear-wave velocity in soft tissue is very low (typically in the order of a few m s −1 ), allowing localized measurement of the parameter. Also, because shear-wave attenuation in soft tissue is high, the boundaries of the object have minimal effect on the measurement. This method is not intended for use in hard materials.
Vibro-acoustography has a two-fold objective. In this method, the acoustic emission signal is dependent on both microstructure (local drag coefficient) and macrostructure (the mechanical admittance) of the object. The acoustic emission signal can be analysed to estimate different characteristics of the object. In some applications, both the local parameters and those that are related to the large-scale structure of an object are needed. An instructive example presented in Fatemi and Greenleaf (1999a) demonstrates that vibro-acoustography can be used to produce an image of a tuning fork displaying its detail (microstructure) while measuring its resonance frequency (a parameter related to the macrostructure) represented by colour.
Excitation method
In the first two methods the radiation force is produced by a single focused transducer which is driven by an amplitude modulated signal, in particular pulse shaped (the shear-wave method can, in principle, operate using a single sinusoidally modulated beam). Vibro-acoustography, however, uses two CW excitation signals (or long tone bursts of CW signals). The major difference in these excitation techniques is the distribution of the radiation stress in the depth direction. A possible drawback of using a single amplitude modulated beam method is that the pulsed ultrasound exerts a radiation stress on all tissue through which it propagates. Also, a shock can be produced on the transducer surface, and then transmitted to the tissue. Such phenomena result in extraneous motion of the object that could introduce errors in the measurements. In vibro-acoustography, the two CW beams pass through separate paths. Outside of their interaction at the focal region, they can only produce a static radiation force on the object, which produces no sound. The beams mix near the focal point to produce a modulated field that can generate an oscillating radiation force only in that location. The resulting acoustic field, therefore, is directly related to the excitation of the object at the focal area. This is an important feature, because the acoustic emission from other parts of the object or the transducer should not be allowed to interfere with the acoustic emission from the focal area.
Detection method
The transient method and the shear wave method are based on localized detection of displacement of material. This is implemented by using Doppler ultrasound, optical displacement measurement or a more sophisticated method such as MRI. Vibro-acoustography uses an audio hydrophone or microphone for detection, which is a much simpler detection method than Doppler or MRI.
Sensitivity
Detection sensitivity is critical to the success of any of the above methods. A greater ultrasound intensity would be needed if the detection sensitivity is poor. Ultrasound Doppler methods, at conventional ultrasound frequencies, can probably detect displacements of the order of a few micrometres. The sensitivity of the MRI technique is of the order of 100 nm (Muthupillai et al 1995) . Vibro-acoustography has been shown to detect motions as small as a few nanometres (Fatemi and Greenleaf 1998) . The high sensitivity of this method is a result of the fact that small motions of the object can produce an acoustic emission pressure field that is easily detectable by a sensitive hydrophone.
Measured quantities
The quantity measured in the transient method is somewhat arbitrary, and not a direct measure of any physical quantity. The merit of this method is that tissue hardness is measured from relative displacement values, without the need to measure the applied force. The shear wave methods directly measure a physical parameter of the material in an absolute sense. The acoustic emission field measured in vibro-acoustography is a function of several physical parameters that relate to the object and the surrounding medium. It is possible to measure a single parameter only if one has enough knowledge about other parameters involved. For example, one can measure the shear viscosity of a liquid using a known resonator as an object in the liquid (Fatemi and Greenleaf 1999c) , or, for a given the geometry, the Young's modulus of a metallic object can be measured (Fatemi and Greenleaf 1999b) by vibro-acoustography.
Exposure safety
The shear-wave method presented in Sarvazyan et al (1998) uses high-intensity pulsed ultrasound for excitation and either the optical or MRI methods for detection. It is argued that, although the intensity is high, the total exposure is within the FDA limits (FDA 1997) . These limits are recommended based on possible thermal and mechanical effects of ultrasound on tissue. However, in vivo use of such detection methods would be difficult. Using Doppler ultrasound for detection is less sensitive, and hence requires a high peak ultrasound intensity to produce enough displacement of the tissue. This intensity level may exceed the recommended spatial peak pulse average intensity limit.
Vibro-acoustography uses either CW or tone burst ultrasound. Therefore, the continuous ultrasound intensity (spatial peak time average intensity) limit must be observed. This limit, according to the FDA, is 720 mW cm −2 (FDA 1997). However, because of the high sensitivity of the hydrophone detector, it is possible to detect very small levels of acoustic emission while using low transmit power. For example, it has been shown that a submillimetre object can be detected at ultrasound intensities far below the FDA limit (Fatemi and Greenleaf 1999a) .
In vivo applicability
In vivo application of the transient method is not likely because it requires high ultrasound power to produce a detectable displacement. Application of the shear-wave method in the human body largely depends on the detection method used. Optical methods are probably not usable in vivo. MRI detection methods are generally complex, especially when the operation is to be linked to the ultrasound system in the magnetic field. Ultrasound Doppler is a more practical detection method for shear-wave detection; however, its sensitivity may not be sufficient for ultrasound intensities within the recommended maximum level (Walker 1999) . Vibro-acoustography uses a hydrophone for detection, which is simple to operate in clinical settings. It, however, requires an acoustically quiet environment for proper detection. The biological noise spectrum seems to be below 1 kHz, which can be easily filtered out if the operation frequency is above this limit (Fatemi and Greenleaf 1999a) .
Image resolution
Imaging complex objects using the transient or the shear-wave methods has not been fully explored in the literature. Vibro-acoustography can be used for high-quality imaging. The spatial resolution is proportional to the width of the main lobe of the stress field. For example, for the 3 MHz ultrasound transducer presented in figure 3 , the spatial resolution is about 700 µm.
Material properties
Both the transient and shear-wave methods are based on local deformation of soft tissue in the beam direction. These methods work best if the material under test supports the shear wave, has enough attenuation to allow the build-up of enough radiation force, and is compliant enough to allow appreciable displacement. Application of these methods for hard material, such as bone and calcifications, would be difficult or impractical because (a) stiff materials have low compliance, hence, their displacement in response to the force is relatively small and difficult to detect and (b) the shear wave travels at high speed in such material. In vibroacoustography hard materials produce structural vibrations which are often stronger than those of soft tissue. Such vibrations result in strong and easily detectable acoustic emissions. The bright appearance of the arterial calcifications in the experiment presented in figure 4 is a demonstration of this phenomenon.
In contrast to the other two methods, vibro-acoustography can be used to detect particles in materials that do not support shear waves, for example detecting gas bubbles in liquids. The acoustic emission resulting from particle vibration includes a compressional wave component that can travel in the surrounding medium including the liquid. Tissue attenuation for compressional waves at low frequencies is small, hence such waves can be detected by the hydrophone from a distance. Shear waves in a liquid medium decay very rapidly and are difficult to detect by most methods.
Summary
Recent progress on techniques for evaluation of dynamic viscoelastic parameters of tissue, based on the radiation force of ultrasound, has prompted us to view these techniques as an emerging new field. We recognize the capabilities and potentials of this new field as unique and distinguishable from those of conventional elasticity or ultrasound imaging techniques.
Three methods for probing biological tissue using the dynamic radiation force of ultrasound were presented. The transient method measures a minute transient tissue deformation versus time. The shear-wave method also uses a transient excitation, but measures the resulting shear-wave amplitude and velocity. The last method, vibro-acoustography, measures the acoustic field resulting from the vibration of an object at a specified frequency. Capabilities and limitation of these methods for probing different materials and their potentials for in vivo application were discussed.
